Migraine, a common neurovascular brain disorder, represents a severe and widespread health problem; along with medication-induced (medication-overuse) headache, it is the third-leading cause of disability worldwide. Currently, its therapeutic management remains unsatisfactory for several reasons; up to 40% of migraineurs are eligible for prophylactic treatment, but there are issues of efficacy, safety, and adherence. In recent years the evidence on the role of calcitonin gene-related peptide (CGRP) in migraine pathophysiology has been consolidated, so new and promising treatments for migraine pain and its possible prevention have been developed. The following review reports the results of the clinical trials conducted so far with each of the new monoclonal antibodies targeting CGRP or its receptor, with particular reference to safety, tolerance, and efficacy in migraine prevention. Moreover, the pharmacological characterization and further developments of each monoclonal antibody are reported, based on current knowledge.
In more than 7% of migraineurs, the pain increases in frequency over time, leading to a high-frequency episodic migraine or, even worse, to a chronic disorder, when it occurs during at least 15 days per month for at least 3 months, with approximately 8 episodes per month. 4 The recurrent painful symptoms and the headache-related disability associated with recurrent migraine are two of the best reasons to start prophylactic therapy. Up to 40% of migraineurs are eligible for this treatment, but current therapeutic management is difficult and unsatisfactory because of frequent adverse reactions and poor patient compliance. 5 Various types of prophylactic medications are widely used for high-frequency episodic or chronic migraine, such as anticonvulsants, tricyclic antidepressants, betablockers, and calcium channel blockers. 6 However, in a substantial proportion of patients, there are issues of efficacy, safety, adherence, and drug-drug interactions, especially in the case of comorbidities such as cardiovascular and psychiatric diseases. 7 For these reasons, about 1 of 5 migraineurs is forced to suspend pharmacological prophylactic treatment because of adverse events and tolerance issues 8 ; meanwhile, 1 of 5 patients is compliant with the prophylactic treatment when it lasts up to a year. 9 It has been estimated that more than 140 million people in the world have chronic migraine, 10 approximately the population of Russia. Most of them are not taking a prophylactic therapy. In the United States, 14 million migraineurs would benefit from preventive therapy; however, it has never been proposed to them. 11 OnabotulinumtoxinA is the only approved treatment by the Food and Drug Administration for chronic migraine. 12, 13 Novel and mechanism-based therapies are therefore necessary and should be a focus of continued research to address this tremendous burden. 14, 15 From the early hypotheses formulated in 1985, 16 pieces of evidence have reinforced the idea that calcitonin gene-related peptide (CGRP) is a key neuropeptide in migraine pathophysiology, up to the recent evidence of antimigraine effect shown by CGRP receptor blockade. 17 Following the first effective CGRP-receptor antagonists, which are not yet usable for safety reasons, recent attention has been focused on 4 monoclonal antibodies (mAbs) targeting the CGRP pathway, all of which are currently in phase 3 clinical development (Table 1) . 18 In this article, we review the current knowledge and state of progress in this area.
CGRP in Migraine Pathophysiology
CGRP is a 37-amino acid neuropeptide, a member of a family of peptides that includes amylin, adrenomedullin, and calcitonin, which actively operate in different parts of the organism and are primarily localized in C unmyelinated sensory fibers. 19 There are 2 isoforms of CGRP, α-CGRP and β-CGRP, which are encoded by alternate splicing of the calcitonin coding gene. These isoforms differ by 3 amino acids and coexist in most neurons. In particular, α-CGRP is mainly expressed in the central nervous system, whereas β-CGRP is predominant in presynaptic terminals of enteric sensory neuronal cells. 20 The 2 isoforms are both complete agonists of the CGRP receptor, which is a membrane heterodimer composed of a 461-amino acid protein with 7 transmembrane domains (calcitonin receptorlike receptor) and a single transmembrane peptide (receptor activity-modifying protein 1). 21 An additional third protein is required to form an optimally functional CGRP receptor, a hydrophilic membraneassociated protein (receptor component protein) able to primarily activate adenylate cyclase and protein kinase A, resulting in the phosphorylation of multiple downstream targets. 21 CGRP is the most potent vasodilator currently known. 22 It mediates a final common pathway in smooth muscle cells, achieving a decrease in intracellular concentration of free calcium ion concentration 23 and subsequent cell relaxation. Moreover, studies have shown that it has a facilitatory role in nociceptive transmission together with other neuromediators, such as substance P and bradykinin. 24, 25 This role is especially apparent when it is released from the trigeminal ganglia neurons that innervate the cranial vessels, one of the major sites of neuropeptide synthesis. 26 In recent decades, knowledge of the role of CGRP and its receptor in pain transmission has expanded considerably, mainly in the migraine pathophysiological model. It is now assumed that neuronal dysfunction of the central sensory system 27, 28 generates migraine attacks in genetically susceptible individuals. The trigeminal system is clearly involved, 29 and a large quantity of neuropeptides, such as CGRP, are released from terminal nerve endings in the meninges and face. Consequently, the peripheral activities of CGRP and other peptides released, such as substance P (often colocalized in Aδ and C sensory fibers), play a major role in the expression and maintenance of head pain and possibly in other migraine symptoms. 30 The most obvious evidence supporting the role of CGRP in migraine pain showed that increased plasma levels of CGRP were associated with painful syndromes such as migraine and cluster headache. 31 Once the concentration was normalized after the attack ended, CGRP infusion could induce migraine attacks, 32 and triptans were able to normalize the rise in plasma levels during a migraine attack. 33 It was also suggested that increased CGRP plasma levels outside migraine attacks and in the absence of symptomatic treatment could be helpful biomarkers in the diagnosis of chronic migraine. 34 Increasing interest in this neuropeptide has resulted in the development of new and promising treatments for migraine pain and, possibly, prevention. The first were the effective CGRP-receptor antagonists, for which development was slowed for safety reasons. Thereafter, 4 monoclonal antibodies targeting CGRP or its receptor (anti-CGRP mAbs) were created for migraine prevention with the aim of overcoming the safety issues that affected the above-mentioned CGRP-receptor antagonists.
Pharmacologic Properties
CGRP-receptor antagonists (so-called gepants) were the first drugs developed and tested against the CGRP signaling pathway in humans, where they proved to have adequate efficacy both in acute migraine and in migraine prophylaxis. These agents included BI 44370 TA, which exhibited dose-dependent efficacy in the treatment of acute migraine attacks, 35 and rimegepant, which was superior to placebo at several different doses in the acute treatment of migraine (75, 150 , and 300 mg), 36 as well as olcegepant 37 and telcagepant. 38, 39 These data provided the first evidence that acting on the CGRP signaling pathway was a new and effective antimigraine approach. However, despite the enormous efforts made, none of these gepants was approved for clinical use because of the risk of liver toxicity after chronic exposure. 40 In the last few years, a new class of biologic drugs able to block the CGRP pathway was developed and subsequently tested in several phase 1 and phase 2 clinical trials, including 3 humanized monoclonal antibodies (mAbs) directed against CGRP (ALD403/eptinezumab, TEV-48125/frestanezumab, and LY2951742/ galcanezumab) [41] [42] [43] and 1 human mAb targeting the CGRP receptor (AMG 334/erenumab). 44 These macromolecules specifically bound their target (CGRP or CGRP receptor, as shown in Figure 1) , with the aim of preventing repeated CGRP-induced trigeminal nociceptive transmission, therefore decreasing headache frequency over time and improving migraine symptoms. 45 The site and mechanism of action of these biological agents are still not completely understood. The mAbs do not cross the blood-brain barrier under physiological conditions 46 ; therefore, the first results from the phase 1 and phase 2 clinical trials, in which several patients experienced a complete remission period of several months, seem to suggest a peripheral target of action. The verified poor bloodbrain barrier penetration of the effective antimigraine triptans, gepants, and mAb 40 and the evidence that the trigeminal ganglion, like the dura mater, lacks a blood-brain barrier and is freely accessible to circulating compounds 47, 48 advanced the hypothesis of a peripheral target in which the mAb can act continuously, as recently confirmed by Schankin et al. 49 The novel radioligand 11 C-dihydroergotamine, chemically identical to active dihydroergotamine, was unable to cross the blood-brain barrier in 6 control subjects and 6 migraineurs, ictally or interictally, demonstrating that the blood-brain barrier remains tight during acute glyceryl trinitrate-induced migraine attacks. The pharmacokinetic and pharmacodynamic profiles of mAbs are very different than those of the smaller molecules and/or oral medications used for migraine prophylactic therapy. First, they are administered parenterally because of their large dimensions (approximately 150 000 Da, compared with <1000 Da for gepants), as well as their relatively low permeability through cell membranes and their instability in the gastrointestinal tract. Compared with the small-molecule CGRP-receptor antagonists, which have a half-life ranging in hours, these mAbs have a longer duration of action, with a plasma half-life lasting days or weeks. The extended plasma half-life of monoclonal antibodies allows longer dosing intervals, with a subcutaneous or intravenous administration that is preferably carried out every month or quarterly. This is a suitable characteristic for prophylactic treatments because there is no need to take the drug on a daily basis, thus improving patient compliance. 50 Moreover, the biologic medications are not metabolized by the liver; elimination is primarily via catabolism in smaller peptides and individual amino acids. 51 Therefore, there is a low risk of drug-drug interactions, without the danger of raising creatinine or the hepatic enzymes. 38, 52 Information about any relevant pharmacodynamic differences between each of the 4 mAbs is very limited: the first divergences in vitro regarding the CGRP intrinsic binding features of ALD403, TEV-48125, and LY2951742a/LY2951742b were presented at the Annual Scientific Meeting of the American Headache Society in June 2016. 53 There it was hypothesized that these antibodies were not identical, with small differences in targeting the same ligand in association/dissociation rates, which may impact the therapeutic activity of the monoclonal antibody. More in detail, a well-established technology (surface plasmon resonance) was used to characterize the binding of these antibodies to CGRP, and it was noted that LY2951742a/LY2951742b acts as an incomplete antagonist, with rapid target engagement and dissociation. This characteristic can result in significant levels of free CGRP available to engage its receptor and stimulate signaling to a measurable extent -6 ) and TEV-48125 (K d = 1.0 × 10 -6 ) engaged CGRP differentially, but with undetectable dissociation. This peculiarity may determine some differences in the pharmacological activity of these mAbs, such as in migraine duration, intensity, and analgesic drug efficacy. It was also reported that ALD403 at equivalent circulating concentrations engages and stops CGRP activities twice as rapidly as TEV-48125. Further evaluation, however, will be required to see if these fine changes have the potential to impact in vivo the effectiveness of an antibody against migraine symptoms.
MAbs in Migraine Prophylactic Therapy: The Evidence to Date
The following paragraphs report the results of the phase 1 and phase 2 clinical trials conducted thus far with each of the 3 anti-CGRP mAbs (ALD403/ eptinezumab, LY2951742/galcanezumab, and TEV-48125/frestanezumab) that potently and selectively neutralize both α-CGRP and β-CGRP and the mAb anti-CGRP receptor (AMG 334/erenumab). These data highlight the safety, tolerance, and efficacy of these medications in the prevention of recurrent migraine attacks (the results of phase 2 clinical trials are summarized in Table 2 and Table 3 ). Moreover, the future developments of each antibody are reported, based on current knowledge.
ALD403/eptinezumab
ALD403/eptinezumab is a fully humanized IgG 1 antibody manufactured using yeast (Pichia pastoris) and developed by Alder Biopharmaceuticals, with a halflife of approximately 30 days. The mAb was first implemented in a single-dose, placebo-controlled study (NCT01579383) to determine the safety, tolerability, and pharmacokinetics of the compound administered by intravenous infusion and/or subcutaneous injection. It was completed in April 2013, with 104 healthy men and women between the ages of 18 and 65. The intravenous administration of eptinezumab was associated with a long plasma half-life (ß26 days) and linear pharmacokinetics. No sex differences were observed, and there were no pharmacokinetic interactions with subcutaneous sumatriptan. 54 An additional phase 1 study, conducted in Melbourne (Australia), evaluated the pharmacokinetic and pharmacodynamics of eptinezumab administered quarterly via intravenous, subcutaneou,s or intramuscular routes to 60 healthy women and men aged between 18 and 65 years, 55 with good safety and tolerability findings. The next proof of concept was obtained in an exploratory phase 2 trial completed in January 2016 to evaluate the effects of a single dose of eptinezumab administered intravenously to patients with frequent migraine episodes. 41 The study was conducted with 163 men and women between 18 and 55 years old with 5 to 14 migraine days, randomly assigned (1:1) to receive either an intravenous dose of eptinezumab 1000 mg (n = 81) or placebo (n = 82) per 28-day period for up to 24 weeks. Most adverse events were mild to moderate in severity and occurred in 57% of patients in the eptinezumab group and 52% in the placebo group. The most common events were upper respiratory tract infections (6 patients in the placebo group vs 7 patients in the eptinezumab group), urinary tract infections (4 patients vs 1 patient), fatigue (3 vs 3), back pain (4 vs 3), arthralgia (4 vs 1), and nausea (2 vs 3). No infusion reactions were reported during the study. Serious adverse events occurred in 2 patients in the eptinezumab group and 1 patient in the placebo group; these were judged to be unrelated to the treatment. The treatment group proved to have higher response rates for all times and responder rates, with the eptinezumab rate being approximately 20% higher. Moreover, 16% of patients treated with the mAb experienced a 100% reduction in migraine days for the entire study period. At the moment, another phase 2 clinical trial (NCT02275117) is ongoing in the United States, Australia, Georgia, and New Zealand to assess the efficacy, safety, and pharmacokinetics of eptinezumab , and/or 300 mg reduced migraine days to a similar extent for the entire 12-week period, whereas the 10-mg dose was subtherapeutic and similar to placebo. The most frequent adverse events observed were mild to moderate in severity (upper respiratory tract infection, dizziness, nausea, pharyngitis, sinusitis, and bronchitis); no drug-related safety signals and no infusion reactions occurred. The biopharmaceutical company has planned at least 2 phase 3 clinical trials for eptinezumab, including a double-blind, randomized, placebo-controlled trial (NCT02559895) to evaluate the efficacy and safety of 3 dose levels of eptinezumab administered intravenously as preventive treatment for frequent episodic migraineurs. The purpose is to recruit 600 patients of both sexes; they will be subdivided into 4 study arms (150 patients per group) to reach study completion in June 2017. In addition, a new double-blind, randomized, placebo-controlled, multidose trial named PROMISE2 is prepared to start. This study, the second pivotal trial of eptinezumab, plans to administer 2 dose levels of eptinezumab and placebo quarterly to chronic migraineurs and is likely to continue throughout 2018.
LY2951742/galcanezumab
LY2951742/galcanezumab is a fully humanized monoclonal antibody against CGRP developed by Eli Lilly and Company, with a half maximum inhibitory concentration of 30 pM. It was well tolerated in the first phase 1 studies, with a good safety profile as a single subcutaneous dose to 178 healthy males and females (NCT02576951), and as multiple doses given to 45 healthy Japanese and white participants (NCT02104765). Similar results were seen in 61 healthy white males receiving single (with doses ranging between 1 and 600 mg) or multiple (150 mg administered every 2 weeks for 6 weeks) subcutaneous injections (NCT01337596). It has a long elimination half-life (28 days), similar to ALD403, and the time to maximum serum concentration ranges from 7 to 13 days. The preliminary and encouraging results observed in phase 1 clinical trials have resulted in the development of at least 2 major phase 2 clinical trials. First, in a randomized, double-blind, placebo-controlled study, the efficacy and safety of LY2951742 were evaluated in the prevention of episodic migraine with or without aura (NCT01625988). 43 The study was conducted with 218 patients with 4 to 14 migraine headache days per month, randomly assigned (1:1) to LY2951742 (n = 108, but 1 patient withdrew before treatment) or placebo (n = 110). LY2951742 delivered subcutaneously (150 mg) once every 2 weeks for 12 weeks. The trial showed a significant reduction in the mean number of migraine headache days and a good tolerability profile. The post hoc efficacy analyses showed that 32% in the galcanezumab group versus 18% in the placebo group were complete responders. Several side effects occurred more frequently with galcanezumab with respect to placebo, such as injection-site pain and/or erythema (21 of 107 vs 7 of 110), upper respiratory tract infection (18 of 107 vs 10 of 110), and abdominal pain (6 of 107 vs 3 of 110). However, there were no serious adverse events related to the study drug. A second phase 2 study (NCT02163993) was conducted between August 2014 and October 2015 to assess the safety and efficacy of the compound in the prevention of episodic migraine. Four hundred ten male and female patients were recruited and were randomly assigned (2:1:1:1:1) to placebo (n = 137) or 1 of the 4 galcanezumab doses (n = 273). Subcutaneous injections of galcanezumab doses (5/50/120/300 mg) or placebo were delivered every 4 weeks during a 12-week treatment period. In accordance with the results of the previous phase 2a study, Eli Lilly and Company announced in a late-breaking session at the 57th Annual American Headache Society meeting in June 2015 that the compound had reached the primary end point in episodic migraine, proving a statistically significant reduction in migraine headache days and a good tolerability profile at all doses administered. Treatment related-adverse events that occurred in ࣙ5% of patients in any galcanezumab arm at rates greater than placebo included injection-site pain, upper respiratory tract infection, pharyngitis, and nausea. Because of the lack of further data, this clinical trial was not included in Table 2 . Several phase 3 studies are in progress on galcanezumab. The first results will be announced starting in June 2017. The EVOLVE-1 (NCT02614183) and EVOLVE-2 (NCT02614196) studies are randomized, double-blind, placebo-controlled trials conducted with episodic migraineurs to evaluate the efficacy of subcutaneous galcanezumab (2 experimental doses) given once a month for 6 months. Each study will enroll 825 patients (EVOLVE-2 is currently recruiting participants) and will be completed in June 2017. The REGAIN study is another notable phase 3 clinical trial, carried out in chronic migraineurs in 106 study locations worldwide. The main purpose of this study (to be completed in April 2018) is to evaluate the efficacy of 2 subcutaneous experimental doses of galcanezumab in 825 patients, with monthly administration for 3 months. Finally, a long-term open-label safety study is in progress (NCT02614287) with 250 sufferers of migraine with or without aura, and some phase 3 studies on the efficacy, tolerability, and long-term safety of the mAb are currently starting and ongoing, even including patients with episodic and/or chronic cluster headache (NCT02397473, NCT02438826, and NCT02797951). The first results will be announced starting in December 2016.
TEV-48125/frestanezumab
TEV-48125/frestanezumab, initially known as LBR-101, is a genetically engineered humanized mAb that has successfully completed a series of studies designed primarily to evaluate its safety and pharmacokinetic profile. The pooled results of the phase 1 program were published by Bigal and colleagues. 56 They reported that the compound was administered to 94 subjects, whereas the placebo was given to 45 people. TEV-48125 doses ranged from 0.2 to 2000 mg given either as a single intravenous infusion (day 1) or up to 300 mg given twice (day 1 and day 14); it was well tolerated at all doses. Treatment-related adverse events occurred in 21.2% of subjects receiving TEV-48125 (average = 1.4) compared with 17.7% of those receiving placebo (average = 1.3). Although the maximal tolerated dose has not been identified, the compound was not associated with any serious treatment-related adverse events and/or any clinically relevant patterns of changes in vital signs, electrocardiogram (ECG) parameters, or laboratory findings. The safety profile was further established by a subsequent double-blind, placebo-controlled study to assess the effects of sustained CGRP blockage on blood pressure and ECGs in healthy women (mean age, 56 years). 57 The 31 participants were randomly assigned to receive placebo or the mAb at doses up to 2000 mg. They were confined for 7 days and followed for 168 days. This study showed that sustained CGRP inhibition was not associated with hemodynamic or ECG changes in the study population. To summarize, the global results of the 6 phase 1 studies conducted to date were published in a recent review 42 that emphasized the excellent safety profile of the drug and discussed future drug development in phase 2 and phase 3 clinical trials. TEV-48125 was also recently investigated in 2 dedicated multicenter, randomized, double-blind, placebo-controlled phase 2b clinical trials with highfrequency episodic and chronic migraineurs. In one of these studies (NCT02025556), the efficacy and safety of 2 subcutaneous doses of TEV-48125 were assessed and compared with placebo for the preventive treatment of high-frequency episodic migraine (8-14 days per month) in 297 men and women. Between January and October 2014, 58 the participants were randomly assigned to receive placebo, 225 mg TEV-48125, or 675 mg TEV-48125 in three 28-day treatment cycles. Both doses of TEV-48125 reduced the least-squares mean (LSM) of migraine days (P < .0001) and the LSM of days with acute analgesic consumption compared with placebo (−3.10 days in the placebo group vs -4.86 days in the 225-mg dose group and -4.80 days in the 675-mg dose group). Treatment-related adverse events were reported by 24 patients in the placebo group (23%), 26 patients in the 225-mg dose group (27%), and 24 patients in the 675-mg group (25%); the majority of these events included mild injection-site pain or erythema. No serious treatment-related adverse events occurred. Only 1 severe treatment-related adverse event was recorded, and it was in the 225-mg dose group (severe injection-site pain). In a different phase 2b clinical trial (NCT02021773), it was evaluated whether monthly subcutaneous administration of TEV-48125 was safe and provided migraine prevention for chronic migraineurs. 59 Two hundred sixty-four patients were enrolled and randomly assigned to receive either placebo or 1 of the 2 doses of subcutaneous TEV-48125 in three 28-day treatment cycles. Compared with baseline, the mean change in number of headache-hours during weeks 9-12 was -59.84 hours (38%) in the 675/225-mg group and -67.51 hours (43%) in the 900-mg group, compared with -37.10 hours (22%) in the placebo group. The LSM difference was significant in both cases (P = .0386 and P = .0057, respectively). There were no qualitative or quantitative differences in treatment-related adverse events in the 3 cohorts of the study. The most frequent adverse events were minor injection-site reactions. No serious treatment-related adverse event occurred, and no relevant changes in blood pressure or other vital signs were recorded. Last, several phase 3 studies currently underway have the objective of assessing the efficacy and safety of subcutaneous administration of TEV-48125 in the preventive treatment of migraine (NCT02638103; NCT02629861; NCT02621931). The first results will not be available before October 2017.
AMG 334/erenumab
AMG 334/erenumab is a human IgG 2 that, unlike the previous mAbs, was developed to target and neutralize the CGRP receptor. Several phase 1 trials were performed to assess its safety, tolerability, and pharmacokinetic and pharmacodynamic properties. One of these trials (NCT01688739) was conducted with 48 healthy subjects and 20 migraineurs of both sexes, randomized into various cohorts, in which 6 dose levels of AMG 334 or placebo were administered as single subcutaneous or intravenous doses. In another similar phase 1 trial (NCT01723514), 40 subjects (24 healthy subjects and 16 migraineurs) were randomized into 5 subgroups. Each subject received 3 subcutaneous doses of either erenumab or placebo. These studies were completed in August 2013 and July 2014 with satisfactory results; the data have not been published. A further phase 1 trial (NCT02741310), actually in progress, is considering the effect on blood pressure of erenumab given concomitantly with subcutaneous sumatriptan to 30 healthy subjects. August 2016 is the estimated date for final data collection and completion of the study. Last, an interesting phase 1 trial was developed to evaluate CGRP-receptor blockade by erenumab for preventing pituitary adenylate cyclase-activating polypeptide-38-induced migraine-like attacks in 42 migraineurs, with 1 to 5 migraine days per month. This study is actively recruiting participants and will end in February 2017. Erenumab was also implemented in several phase 2 clinical trials to evaluate its efficacy and safety for episodic and chronic migraine; some of the trials are still in progress. One of the first trials conducted (NCT02066415) was a randomized, double-blind, placebo-controlled study of chronic migraineurs. More than 650 subjects were randomly assigned to receive either placebo or 1 of the 2 AMG 334 subcutaneous doses every month for the 12-week treatment phase of this study. Significantly, more patients receiving the monthly mAb experienced a 50% or greater reduction in the number of monthly migraine days compared with placebo (40%, 41%, and 24%, respectively). 60 In addition, the safety profile of erenumab was similar to placebo across both treatment arms. No adverse events were reported in more than 5% of patients treated with the mAb. In a second trial (NCT01952574) the efficacy and safety of AMG 334 were evaluated in migraine prevention (with an inclusion criterion of 4 to 14 migraine days per month). In this randomized, double-blind, placebocontrolled study, 483 patients were randomly assigned to receive either monthly subcutaneous placebo or erenumab (7/21/70 mg) in a 3:2:2:2 ratio. The trial will be completed in November 2019; the first results were published recently. 61 The 70-mg dose was reported to significantly reduce the number of headache days, whereas the 7-and 21-mg doses showed no benefits compared with placebo. Only the patients receiving 70 mg reported greater reduction versus placebo in the number of days using acute medication (−2.5 vs −1.4, P = .006) and migraine-specific medication (−1.6 vs −0.7, P = .004). The safety profile of erenumab at all doses was similar to placebo; the number of migraineurs who had adverse events and the typology of the adverse events were similar among all treatment groups. No serious treatment-related adverse events were reported. The most common adverse events were nasopharyngitis, fatigue, headache, nausea, and back pain. An additional phase 2 clinical trial (NCT02174861) is under way to assess the long-term safety and efficacy of erenumab in chronic migraine prevention. It is a multicenter open-label study in which 612 patients of both sexes have received an open-label erenumab subcutaneous dose periodically for 13 months, followed by a safety follow-up visit. The study will be terminated in May 2017. To date, there are 2 phase 3 clinical trials on erenumab in progress, both of which are registered at the U.S. National Institutes of Health. One of these (NCT02483585), known as ARISE, is a randomized, double-blind, placebo-controlled study followed by an open-label treatment phase, with the aim of evaluating the effect of the compound in 577 episodic migraineurs randomly assigned 1:1 to placebo or erenumab. Preliminary results indicate that erenumab significantly reduced the mean number of headache days (-2.9) compared with placebo (-1.8) during the 12-week treatment phase. The second ongoing phase 3 trial (NCT02456740), conducted in 955 migraineurs with 1-year histories of episodic migraine randomly assigned to 1 of the 2 erenumab treatment groups or to placebo, has confirmed these findings. During the last 3 months of the double-blind treatment phase in this trial, patients experienced statistically significant reductions from baseline in monthly migraine days (-3.2 in the 70-mg group and -3.7 in the 140-mg group) compared with the placebo group (-1.8-day reduction). The clinical trial, called STRIVE, will end in June 2017.
Safety Concerns
The clinical use of mAbs was associated with a variety of immunological adverse events. They could be potential direct immunogens capable of generating hypersensitivity, autoimmunity, and acute infusion complications. 62 In the phase 2 clinical trials of prophylactic migraine therapy, the humanized anti-CGRP or anti-CGRP-receptor mAbs have not given rise to any serious immune-mediated adverse reactions, although they still contain nonhuman amino acids, presumably because the risk associated with the humanized monoclonal antibodies is very low. Although the first studies on these mAbs showed no relevant risk of immunological reactions, a small percentage of patients were positive for antidrug antibodies, in percentages ranging from 1% to 18%. The incidence of patients developing antidrug antibodies, the quantity generated, and their clinical significance are highly variable. Today it is impossible to make a prediction using preclinical safety immunological models; however, the implementation of novel, selected, and sensitive biomarkers could lead to early recognition of these specific antibodies in the clinical setting. This point is highly relevant because the antidrug antibodies may decrease therapy effectiveness and/or facilitate the manifestation of immunoallergic hypersensitivity reactions. 63, 64 As an example, it is useful to repeat that in some chronic diseases, specifically rheumatoid arthritis 65 and multiple sclerosis, 66 the emergence of antidrug antibodies was associated with reduced biological activity and consequent reduced therapeutic efficacy of the biological drug. In addition, the CGRP neuropeptide is involved in the regulation and homeostasis of many physiological processes, such as renal glomerular filtration, 67 bone metabolism, 68 gastric mucosal protection, 69 and several actions of the central nervous system. 70 It is particularly involved in cardiovascular system homeostasis, where it operates as a vasodilatory safeguard mechanism to prevent the complications of myocardial ischemia, such as myocardial infarction and heart failure, 71 hypertension, 72 and cerebral ischemia. 73 The neuropeptides represent the most potent endogenous vasodilator of coronary arteries, 74 and like nitrates, it relaxes them directly without mediation of endothelium-derived growth factors. 75 Little is known about the cardiovascular safety of CGRP system blockade with mAbs, and there is no evidence of treatment-related serious adverse cardiovascular events in phase 1 and phase 2 clinical trials. This is also true of the CGRP-receptor antagonists (gepants), which showed no particular cardiovascular safety issues in 2 prophylactic treatment trials. 39, 52 Important research on the topic suggests cautious reassurance. Chronic treatment with anti-CGRP antibodies had no detectable effects on heart rate or blood pressure in monkeys and rats. 76, 77 Moreover, CGRP antagonists seem to restore normal tonus in arteries dilated previously, but do not cause abnormal arterial constriction. 78 Regardless, it is our goal to understand whether blocking the CGRP system in migraineurs may be associated with an increased risk of cardiovascular events, especially in long-term use. This becomes even more relevant when one considers that migraine patients, particularly females, have an increased risk of stroke 79, 80 and/or cardiovascular disease. 81, 82 In the several studies conducted to date with anti-CGRP monoclonal antibodies, there was no evidence of other toxicity issues, and their overall safety profile is considered highly favorable. However, the adverse events because of chronic antagonism of CGRP biological activity need to be investigated in larger and extended clinical trials.
Patient-Focused Therapy
The numerous approved and unconventional treatments for migraine prophylaxis are frequently insufficient to control the painful attacks. Only a few patients are treatment responders, and about half of them have tolerability concerns or adverse reactions. Most of the drugs used for migraine prevention are anticonvulsants (such as topiramate and valproic acid), medicines with low therapeutic indexes and a prevalence of adverse drug reactions that varies between 10% and 40% when assessed by spontaneous reports or interviews. 83 The introduction of mAbs targeting the CGRP neuroactive peptide and/or its main receptor appears to lay the foundation for a new class of prophylactic drugs that could finally overcome, even only partially, the efficacy, safety, tolerability, and adherence issues that often affect chronic migraineurs. Regarding the available data directly comparing anti-CGRP mAbs with conventional migraine prevention treatments with high-quality evidence (topiramate and onabotulinumtoxinA), the monoclonal antibodies showed a significantly lower number of treatmentrelated adverse events, while maintaining effectiveness compared with placebo. 12, 13, 84 Their cost/benefit ratio represents one of the limiting factors to assess in the foreseeable future, as the uniqueness and complexity of monoclonal antibodies are publicized as reasons for the high expenses incurred by their users. They are so expensive in part because of the cost and difficulty of manufacturing. Furthermore, royalties and marketing costs are added to the total price, and the average cost for 1 year of treatment with one of the top 9 biologics in the United States reaches approximately $200 000. 85 Migraine is the most costly neurological disease for European society. The total annual cost of headache among European adults was estimated at €173 billion, and more than 80% of these expenditures were from migraine and its complications. 86 Accordingly, the high costs of mAbs should not affect health care policies, because increased investments in effective migraine care may reduce these losses and may be repaid severalfold by savings elsewhere, 87 in part by greater therapeutic adherence and fewer and milder adverse events related to this immunotherapy.
Conclusions
A migraine is one of the most disabling health problems worldwide, characterized by substantial disability in almost every aspect of life, including housework, employment, and social activities. Current pharmacotherapy options for migraine prophylaxis frequently show only modest efficacy, inconsistent responses to treatment, association with a high rate of adverse events, and poor tolerability. In these early clinical trials, anti-CGRP monoclonal antibodies have proven to be able to start another revolution in pharmacologic treatments for migraine, as triptans did a few decades ago, for acute migraine attacks. Despite the need for additional studies, especially in the long term, anti-CGRP mAbs have reduced the number of headache days and daily analgesic intake, with a safety profile similar to placebo. Today, monoclonal antibodies appear to offer a new and effective strategy for migraine prevention, representing more than hope for millions of chronic migraineurs who are not currently taking any prophylactic therapy. We eagerly await the additional results of these novel medications.
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